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Abstract

The vacuum assisted resin transfer molding (VARTM)

process is a cost effective, innovative method that is being

considered for manufacture of large aircraft-quality

components where high mechanical properties and

dimensional tolerance are essential. In the present work,

carbon fiber SAERTEX fabric/SI-ZG-5A epoxy resin C-

shaped laminates were manufactured by VARTM using

different cure cycles followed by the same post-cure cycle.

The final part thickness was uniform except at the comer

were thinning was observed. The cure cycle selected is

shown to significantly affect the part spring-in and a long

cycle at 66°C followed by a 178°C post-cure produced a

part with negligible spring-in.

Introduction

Vacuum assisted resin transfer molding (VARTM) is a low

cost manufacturing process primarily used in the boating

industry to make boat hulls and other large structures.

More recently, this manufacturing technique was used to

make large aircraft components (1) such as vertical rudders

and complex geometry parts found in missile fabrication

(2). Cost reduction is a major benefit of using VARTM

over conventional composite processes like autoclave

curing. For example, it was estimated that using VARTM

to make a complex component reduced the number of parts

from 61 to one and eliminated more than 376 fasteners (2).

Consequently, using VARTM resulted in a cost reduction

of 75% over a conventional metal design while the

component weight was the same and the performance was

higher.

One of the critical issues for aerospace applications is the

control of the component dimensions. Components must

be assembled and therefore accurate prediction and control

in part-to-part variation must be achieved. Dimensional

control is achieved during the component processing cycle,

thus it is important to have a good fundamental

understanding of the process. For VARTM, the analysis of

the part infiltration process has been the subject of an

increasing number of studies (3-6). Analytical and

numerical tools were developed to predict flow front

position, part thickness change and local fiber volume

fraction. However, the dimensional stability after cure of

parts manufactured by VARTM has not been widely

addressed. It is well known that the curing process induces

residual stresses that cause part distortions and/or

microcracks. These residual stresses are caused by several

factors including thermal effects, cure shrinkage and tool-

part interaction (7). Analysis of the spring-in of C-shaped

laminates cured by the autoclave process revealed that the

net measured spring-in angle was a combination of

warpage and comer spring-in. The warpage was found to

depend on the tool preparation leading to different tool-part

interactions. The corner spring-in was caused by the

difference between the longitudinal and transverse

coefficient of thermal expansion (CTE) and resin cure

shrinkage. The latter is a well known phenomenon when

manufacturing anisotropic materials in curved parts (8,9).

In this work, the dimensional stability of C-shaped

laminates manufactured by the VARTM process was

studied. Different curing strategies were used to identify

critical parameters particular to the VARTM process. The
results obtained will allow one to understand how to

control more precisely the geometry of components made

by VARTM.

Experiments I

Composite C-shaped laminates were fabricated by the

VARTM process using SAERTEX ® multi-axial, non-crimp

carbon fiber fabric and the A.T.A.R.D. SI-ZG-5A epoxy

resin. The laminates contained two stacks of fabric

resulting in a [45,-45,0,90,0,-45,45]s ply sequence. A 12.5

cm thick aluminum rectangular tube was used as a rigid

tool surface (Figure la). The tool had outside dimensions

of 10.2 cm x 15.0 cm with a radius of 0.6 cm on the

comers.

1 Use of trade names or manufacturers does not constitute and

official endorsement, either expressed or implied, by the National

Aeronautics and Space Administration.



Threecoatsofreleaseagentwereappliedtothetool.The
stacksoffabricwerecuttodimensionsof 10.2cmx 22.9
cm.Thefabricpreformwasplacedonthetooltoforma
C-shapedpartwithaweblengthof 10.2cm,a flange
heightof6.4cmandawidthof 10.2cm.Thepreformwas
orientedonthetoolsothatthe[0]layerswereparallelto
theresinflowdirection(Figurela). A 10.2cmx 27.9cm
layerofArmalon®releaseclothwasplacedontopofthe
preform. Thehigh permeabilitydistributionmedia
consistedof two7.6cmx 26.7cmlayersof Plastinet®
nylonmesh.A 1.3cmgapbetweentheedgeofthemedia
andthepreformsideedgesandend(vacuum)edgewas
maintained.Thesegapsminimizeracetrackingof the
resinduringinfusion.A 5cmlengthofdistributionmedia
wasusedto placetheresininjectionspiraltubing.The
resinwassuppliedtothepartfromthereservoirthrough
0.9cmdiameterplastictubing.Likewise,vacuumwas
drawnonthepartthroughaspiralandplastictubing(not
shown).Figurelbshowsaphotographofthetool-preform
assemblypriortotheinfiltration.

Thermocoupleswereplacedbetweenthetwostacksof
preform,onthetoolsurfaceandonthetopofthebag.The
lay-upwasbaggedusinga flexiblefilm andsilicone
baggingtape.Thebagandtubingconnectionswerefully
evacuatedandcheckedforleakspriorto resininfusion.
Thesystempressurewasmonitoredthroughouttheprocess
usinga vacuumgaugelocatedat the resin trap.
Approximately300gof SI-ZG-5Aepoxyresinwas
preparedanddegassedundervacuumforonehourpriorto
injection.Theviscosityoftheresinwasmeasuredusinga
Brookfieldrheometerandfoundtobe0.28Pa.satroom
temperature(_25°C).

Theresininfiltrationwasaccomplishedwith theresin
pressuresettotheatmosphericpressure.Themediawas
rapidlysaturatedin 20seconds.Thepreformwasfully
impregnatedin approximately60 seconds.To insure
completewettingofthepreform,resinwasallowedtoflow
foratotaldurationof 12minutes.Thentheresintubing
wasclampedandthepartwaskeptunderfullvacuumfor
anadditional12minutes.Finally,thevacuumtubewas
clampedandthepart-toolassemblywasplacedinanoven
forcure.

Threecurecycleswereusedinthisstudy(Table1).Cycle
Afollowedtheresinmanufacturerguideline.CycleBwas
designedtocurethespecimenatlowtemperatureandthus
tominimizetool-partinteraction.Finally,cycleCwasa
moreaggressiveonestepcyclewithafasterheatingrate.
Aftercure,thespecimensweredebaggedandremoved
fromthetool. Thespecimenswerepost-curedin a
freestandingcondition(notool)for2hoursat178°C.

A 2.5cmwidestripwasremovedfromtheC-shaped
specimensusingadiamondbladesaw.Sampleswerecut
fromthisstripto analyzelocalfibervolumecontentas

shownin Figure2. Thefibervolumefractionwas
measuredusingacid digestion(ASTMD3171-76).
Micrographsofthespecimensweretakento examinethe
voidcontentandqualityoftheparts.Thecross-sectionof
theC-shapedspecimenswasscarmedwithadigitalscarmer
ataresolutionof600dpi.Theanglesweremeasuredusing
digitalimageanalysis.Thespring-inwascalculatedasthe
differencebetweenthespecimenandthetool angles.
Specimenthicknessvariationwasalsomeasuredusing
imageanalysis.

Results and discussion

Figure 3 shows the part temperature during cure for the

three cure cycles. As expected for these thin parts, no

exotherm was measured. Viscosity profiles obtained from

rheometer tests with the temperature profiles shown in

Figure 3 determined that resin gelation occurs at

approximately 1.0 hour for part C and 3.7-4.0 hours for

parts A and B. Table 2 presents the spring-in measured on

the resin injection side (A0kES), on the vacuum side

(A0vac) and the average of the two. The largest spring-in

was obtained for part C followed by part A and part B.

Part B had virtually no spring-in. A significant difference

in spring-in between resin and vacuum side was observed

in all cases. The resin side spring-in (A0kES) was 0.89 °

larger than the vacuum side (A0vac) for part A and 0.69 °

larger for both parts B and C. Figure 4 presents the fiber

volume fraction variation in the parts. The average fiber

volume fraction was 46.9%, 48.0% and 46.5% for parts A,

B and C, respectively. As shown in Figure 4, part B had a

more uniform fiber volume fraction distribution compared

to parts A and C. Part A had a higher fiber volume fraction

on the vacuum side (section 3), while higher fiber volume

fraction was found in the web (section 2) for part C.

Figure 5 shows the measured thickness variation. In all

cases, a comer thirming of 0.2-0.4 mm was found. No

significant differences were observed in thickness in the

flanges between the resin and vacuum side. Overall, part B

was slightly thicker than parts A and C. Micrographic

analysis of the sectioned parts revealed a negligible void

content and excellent wetting of the fibers.

From the variation in spring-in measured in these

experiments it is clear that the cure cycle has a significant

effect on the magnitude of part spring-in. In this case, the

lowest spring-in was obtained for the cure cycle having the

lowest cure temperature (cycle B). If only thermal effects

(cool down stresses) are considered, this result is

predictable as cycle B has a lower cooling temperature

change (AT _ 40°C) than cycles A and C (AT _ 100°C).

Thus, cooling residual stresses, caused by a difference in

longitudinal and transverse CTE, are greater for part A and

C leading to larger spring-in angles. For cycles A and C,

the difference in spring-in can be explained by the faster

heating rate used in cycle C. During heating and after the



resingelpointhasbeenreached,themismatchin CTE
betweenthetoolandthepartledto thedevelopmentof
residualstressesatthetool-partinterface.Inbothofthese
cycles(A andC),thepart-toolassemblyis heatedafter
resingelationoccurred.At thatstage,theresinis in a
viscoelasticstate,thussomeresidualstresseswerelocked
in (elastic)whileothersrelaxed(viscous).A slower
heatingrateallowedmoretimeforthestressesto relax
resultinginlowerfinalresidualstresses.

Thepost-curealsoaffectedthefinalspring-inangleofthe
part.Asobservedonresintransfermoldedangles(10),the
post-curecyclein freestandingcondition(i.e.without
toolinginteraction)significantlyaffectstheanglespring-
in. Typically,the post-cureis accomplishedat a
temperaturegreaterthanthecuringtemperature.In the
presentcase,thepost-curetemperaturewas178°C,while
thecuringtemperaturewas66°CforpartB and125°Cfor
partsA andC. Therefore,furthercureof theresintakes
placeduringthepost-curecycle. Thevariationof the
spring-inanglewithtemperatureduringthepost-curecycle
isdepictedinFigure6. Point1correspondstothespring-
in angleafterthefirstcure(cyclesA-C). Duringthe
heatingtothepost-curetemperature,thepartwillexpand
resultingin adecreasein spring-inangle.At theresin
glasstransitiontemperature(Tg,point2),theresinwill
changefromaglassytoarubberystate.Atthisstage,any
frozenresidualstresseswill bereleasedresultingin an
increasein spring-in(point2 to 3). At temperatures
greaterthantheresinTg,theCTEof theresinin the
rubberystateis muchlargerthanin theglassystate.
Therefore,thespring-inanglewilldecreaseatahigherrate
frompoint3 to4. At thepost-curetemperature,further
cureof theresinwill inducechemicalcureshrinkagethat
increasesthespring-inangle(point4to5).Finally,during
cooldown(point5to6),thespring-inwill increasetoits
finalvalue.

It isclearthatthecurehistorycansignificantlyinfluence
thespring-inanglevariationduringpost-cure.Thekey
factorsaretheresinglasstransitiontemperatureobtained
afterthefirstcure,themaximumcuretemperatureandthe
residualstressesfrozenin thepartafterthefirstcure.In
thisstudy,usingalongcureatlowtemperature(cycleB)
ledtoa lowTgandalowlevelofresidualstressesafter
cure.All combined,thesefactorsgavethelowestspring-in
comparedtotheothercurecycles.Tofullyunderstandthe
differencebetweencyclesA andCwouldrequireamore
detailedstudyofthecureshrinkageandthedevelopment
ofTgoftheresinused.

Thedifferenceof spring-inanglebetweentheresinand
vacuumsidemaycomefromdifferentsources.The
obviousoneis a differencein toolanglethatwould
necessarilyleadto differentspring-inangles.Thetool
anglesweremeasuredandthetwoangleswereessentially
equalat90.005°. Anotherfactorwouldbethevariationof

thicknessatthecornercausingachangein thespring-in
angle.FromFigure5,it is notclearthata consistent
differenceexistsin thecomerthicknessbetweentheresin
andvacuumside.Thefinalpossibilityisadifferencein
resincontentbetweentheresinsideandvacuumside.
FromFigure4,onlypartA hadasignificantdifferencein
volumefractionbetweentheresinandvacuumside.With
thelimitednumberof samplesmadein thisstudy,it is
difficulttodrawanyconclusiontoexplainthedifferencein
spring-inbetweenresinandvacuumside.However,the
differencecouldbe inducedby theasymmetricflow
patternusedto maketheC-shapedlaminatesandthe
presenceofthedistributionmedia.

Conclusion

Void free C-shaped carbon fiber-epoxy laminates were

produced using the vacuum assisted resin transfer molding

process. The measured part thickness profile showed a

small comer thinning typical of sharp corner laminates

produced on an open mold. The cure cycle significantly

influences the final part spring-in angle. For the resin

system studied, a long 66°C cure followed by a 178°C

post-cure produced a part with virtually no spring-in

(0.05°). A difference in spring-in angle between the resin

and vacuum side was more likely caused by the

asymmetric flow pattern used to infiltrate the parts.
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Table 1 Cure cycle definitions.

Cycle Definition

A

Heat to 66°C @ 0.56°C/min
Hold 2.5 hours

Heat to 125°C @ 0.56°C/min
Hold 2.5 hours

Cool to RT

Heat to 66°C @ 0.56°C/min
B Hold 13 hours

Cool to RT

Heat to 125°C @ 1.1°C/min
C Hold 2.5 hours

Cool to RT

Table 2 Parts spring-in measurements.

Part AORES

(o)

1.09

A0vAc

(o)

0.21

Average

(°)

A 0.65

B 0.39 -0.29 0.05

C 1.49 0.81 1.15

RES: resin side

VAC: vacuum side

Vacuum Pump

Media

a)

Re sin Supply

b)

Figure 1 a) Schematic of VARTM setup, b)
Photograph of tool-part assembly prior to infiltration.
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Figure 5 Part thickness variations.
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